Animal mitochondrial DNA has proved a valuable marker in intraspecific systematic studies. However, if nucleotide sequence heterogeneity exists at the individual level, its usefulness will be much reduced. This study demonstrates that the presence of highly conserved non-coding mitochondrial sequences in the nuclear genome of Schistocerca gregaria greatly impairs the use of mtDNA in population genetic studies. Caution is called for in other organisms; and it seems necessary to check for conserved nuclear copies of mitochondrial sequences before launching into a large scale analysis of populations using mtDNA as a genetic marker. Experimental procedures are suggested for this purpose.
Introduction
Mitochondrial DNA (mtDNA) has been widely employed addressing questions of animal genetic diversity, population structure and dynamics, phylogeography and population evolution. It possesses several favourable characteristics, including high copy number in the cell, small genome size, maternal inheritance, lack of recombination and apparently fast evolution rate; but perhaps effective haploidy (i.e. within-individual genetic homogeneity) is the most important reason for its wide use in intraspecific systematic studies. For most animal species studied, it seems that mtDNA molecules within an individual organism are homoplasmic at the nucleotide sequence level, although length heteroplasmy has been widely observed (see Harrison 1989; Avise 1991; Rand 1993 for reviews). When there is sequence heteroplasmy the results for genetic polymorphism at the individual level are ambiguous using either PCR-sequencing or RFLP analyses; this makes the interpretation of data extremely complicated.
However, the existence of mitochondrial sequences in the nuclear genome can also be a cause of ambiguity for polymorphism. Unfortunately, many investigators seem to assume that this latter possibility does not exist. When a problem of ambiguity arises, other reasons (e.g. PCR/sequencing artefacts, contaminations or heteroplasmy) are usually sought, or worse, such ambiguity may be ignored. In fact, the existence of nuclear copies of mtDNA sequences is not a rare phenomenon. Nuclear sequences similar to mitochondrial DNA have been found in various animal species, for example, in rat (Hadler et al. 1983; Zullo et al. 1991) , Locusta migratoria (Gellissen et al. 1983) , human (Tsuzuki et al. 1983; Nomiyama et al. 1985; Wakasagi et al. 1985; Kamimura et al. 1989) , sea urchin (Jacobs & Grimes 1986) , rodent (Smith et al. 1992) and cat (Lopez et al. 1994) , and the endosymbiotic theory of the origin of mitochondria provides an evolutionary basis for a wider occurrence of nuclear mitochondrial sequences.
In this communication, we show that conserved nuclear copies of the mitochondrial control region exist in the nuclear genome of the desert locust Schistocerca gregaria and complicate the analysis of DNA sequence data. The implications for population-biology studies are discussed and finally some experimental procedures are suggested to SHORT COMMUNICATION Highly conserved nuclear copies of the mitochondrial control region in the desert locust Schistocerca gregaria: some implications for population studies detect the possible existence of nuclear mitochondrial DNA before embarking on a large scale analysis of populations.
Materials and methods

Samples and total DNA preparation
The desert locust Schistocerca gregaria gregaria (Orthoptera, Acrididae) has been collected from populations across its wide range in the past five years. Living locusts were frozen in liquid nitrogen and conserved at -80°C or conserved in alcohol at 4°C until DNA was extracted. Legs from single individuals were used to isolate total DNA for PCR, using methods described in Zhang et al. (1995) or Walsh et al. (1991) for some alcohol-preserved samples, or the Magic DNA Clean-Up Kit from Promega. Blank extraction using just the buffers was carried out along with normal DNA extraction as a control. This was then checked by PCR amplification.
Isolation of nuclear and mitochondrial DNA
Frozen legs from a single individual were used for DNA extraction. Mitochondrial DNA was prepared as described in Lansman et al. (1981; pp. 215-216) with some modifications (e.g. Nonidet P40 was used instead of SDS). To isolate nuclear DNA, the nuclei-rich pellet saved from mitochondrial preparation above was suspended in a sucrose buffer (15% sucrose, 5-mM Tris-HCl, 10-mM EDTA, pH7.6) and lysed in 1% Nonidet P40. After low speed centrifugation, the pellet containing nuclei and cellular debris was suspended in TE buffer and lysed with 1% SDS. Phenol extraction followed and DNA was precipitated with ethanol. After CsCl/ethidium bromide gradient ultracentrifugation, nuclear DNA was further purified by electrophoresis through a 0.3% agarose gel. The fragment with the highest molecular weight, which migrate far behind the largest lambda/HindIII fragment (near to the well), was cut out from the gel, immersed in TE buffer and used for PCR. Mitochondrial and nuclear DNA so prepared are still somewhat contaminated by each other, but pure enough for the purpose of this study (see below and Fig. 3 ).
Amplification of total DNA
PCR primers J1 and J6, located in the mitochondrial tRNA ile gene and 12S RNA gene, respectively (Zhang et al. 1995) , were used to amplify the whole control region, giving a ∼ 1-kb product. For PCR amplification with primers G1 and J6 (leading to a 668-bp product), the following conditions were used: 0.12 µM of each primer, 200 µM of each of the four deoxynucleotides, 2 mM of MgCl 2 and 3 units of Taq DNA polymerase (Promega) in 1× reaction buffer (Promega); 30-35 cycles each consisting of melting at 95°C for 40 s, annealing at 58°C for 40 s, and extension at 72°C for 45 s (in a DNA Thermal Cycler 480, Perkin Elmer Cetus). Sequences of primers J1, J6 and G1 have been described elsewhere (Zhang et al. 1995) .
Solid phase direct sequencing
One biotinylated and one normal PCR primer were used in PCR amplification for sequencing. After PCR, excess nucleotides and primers were removed by selective ethanol precipitation. Single-strands of the amplified DNA were separated using magnetic Dynabeads from Dynal. Solid phase direct sequencing was then carried out with the following internal primers using the Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical): G1, G2, G3 (their sequences were given in Zhang et al. 1995) , G5 (5′-CTTATTTAATCTTTCTTTT-CAC-3′) and L424 (5′-TTTTTATATTAAGTTAACTTTCA-TA).
Restriction analysis
Restriction enzymes from BRL, Boehringer Mannheim or New England Biolabs were used for DNA digestion. For both PCR product and total DNA, digestion has been repeated by reducing or increasing amount of restriction enzymes and incubation time to confirm the results.
Results and discussion
Length homogeneity and sequence heterogeneity of PCR products amplified from total DNA
The whole control region of mtDNA was amplified by PCR and a single fragment of about 1 kb obtained for all samples studied. DNA sequence analysis of individuals from several distant populations suggested that the central part of the mitochondrial control region is more variable as it contains most of the polymorphic sites, and some sequence ambiguities were observed. As the PCR primers have been used for sequencing, we could not exclude the possibility of interference by non-specific amplifications which often lead to ambiguity in sequencing of PCR products. Specific internal primers were thus designed for sequencing the more variable central region. Preliminary results based on one-strand DNA sequencing data from 56 individuals showed that a high proportion of individuals within each population studied produced sequence ambiguity at some of the variable sites. So about half of these individuals were sequenced from the complementary strand using independent PCR products. The new results confirmed the previous observations (Fig. 1) .
Target-specific digestion with restriction enzymes demonstrated that the sequence ambiguities observed above are not due to sequencing artefacts. When a nucleotide A exists at position 330 (A-type molecules), it forms a DraI restriction site (TTTAAA), which can thus distinguish molecules differentiated at this site. Figure 2a shows the result of DraI digestion. It can be seen that in the individual A10 (lane 10) only T-type molecules (with a T at position 330) have been noticeably amplified; in F10, F1 and F14 (lanes 5, 6 and 8, respectively) A-type molecules were predominantly amplified; in the rest both A-and Ttypes were well amplified. The digestion results of AseI, which also cuts at some ambiguous sites, agree completely with the DraI results (data not shown). This also shows that restriction analysis of PCR products has a higher sensitivity than sequencing, since it detects in addition heterogeneity in F1 and A10, the two individuals for which the PCR product appears to be homogeneous from sequencing data. PCR products amplified from intact and pre-cut total DNA and digested subsequently with DraI. PCR was performed using primers G1 and J6, yielding a 668-bp fragment which will be cut into two fragments of 312 and 356 bp for A-type molecules. Lane M, DNA size marker 123 (BRL). Lanes 1 and 2, F7, PCR amplified and then DraI-digested DNA from intact and DraI pre-cut total DNA, respectively; lanes 3 and 4, F9, from intact and pre-cut, respectively; lanes 5 and 6, F12, from intact and pre-cut, respectively; lanes 7 and 8, A10, from intact and pre-cut, respectively.
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PCR amplification from precut total DNA excludes the involvement of PCR artefacts which could lead to heterogeneity of amplification product and be produced repeatedly. As shown in Fig. 2b , when total DNA was digested with A-type specific enzymes, A-type molecules have been much less amplified by subsequent PCR, as expected. This demonstrates the natural presence of different sequences of the control region in the desert locust. Either heteroplasmy (or intragenomic duplication), or nuclear copies of mitochondrial sequences, or both of them, may be responsible for this.
Presence of highly conserved mitochondrial control region in the nuclear genome of S. gregaria
To find the source of the ambiguities observed above, the following strategy was used: firstly, prepare relatively pure mitochondrial and nuclear DNA from a single heterogeneous individual; then amplify the control region from mitochondrial and nuclear DNA, respectively; finally, examine the heterogeneity of mitochondrial and nuclear DNA PCR products. If the mtDNA PCR is homogeneous and nuclear DNA PCR heterogeneous, the source of ambiguities should be of nuclear origin, that is, due to the presence of mitochondrial sequences in the nuclear genome; if the mtDNA PCR is heterogeneous and the nuclear one homogeneous, it suggests heteroplasmy or intragenomic duplication; if both mitochondrial and nuclear PCR products are heterogeneous, several explanations exist: heteroplasmy, heteroplasmy plus nuclear copies, or insufficient purity of the prepared nuclear and mitochondrial DNA. In such a case, nuclear and mitochondrial DNA of high purity should be prepared before any conclusion can be drawn.
For the present study, the analysis was repeated in three locust individuals. A single band of identical size was obtained for both mtDNA and nuclear DNA PCR. However, as shown in Fig. 3 , the mtDNA PCR products are homogeneous with only one type of molecule (as indicated by the diagnostic 245-bp band in Fig. 3(a) ; lanes 2, 4 and 6), while the nuclear DNA PCR shows heterogeneity with more than two types of molecules being amplified (as indicated by the diagnostic bands of 245, 225 and 200 bp in Fig. 3(a), respectively; lanes 1, 3 and 5 ). This demonstrates that nuclear mitochondrial sequences, not heteroplasmy (or duplication in the mitochondrial genome), are responsible for the observed sequence ambiguities; these nuclear sequences have been coamplified with the authentic mitochondrial sequence in total DNA PCR, thereby causing heterogeneity of the amplified products. Direct solidphase sequencing of PCR products obtained above confirmed this conclusion and showed that sequence ambiguities as seen in Fig. 1 disappeared in mtDNA PCR products but remained in the nuclear DNA PCR products. It also D . -X . Z H A N G Z H A N G a n d G . M . H E W I T T revealed that some of the nuclear copies are highly conserved in nucleotide sequence compared with the authentic mitochondrial counterpart in the region analysed (< 1.5% nucleotide difference over the central region of about 500 bp).
The existence of intact (in size) and very conserved (in sequence and size) mitochondrial non-coding sequences in the nuclear genome of S. gregaria suggests recent intergenomic transfer. We think that S. gregaria may well not just represent a rare exception. Since nuclear mitochondrial sequences have been identified in many diverse animal taxa (rat, cat, human; rodent; locust; sea urchin; for references, see above), it is possible that highly conserved nuclear mitochondrial sequences exist more widely but have not yet received enough attention. It is worth noting that in the domestic cat, a large piece of mitochondrial sequence (7.9 kb) containing several mitochondrial genes is found in the nuclear genome with a high copy number (Lopez et al. 1994 ). It appears that in S. gregaria also the nuclear insertion involves a large fragment and exists in multiple copies.
Caution before employing an mtDNA marker in population-biology studies
The presence of conserved mitochondrial sequence in the nuclear genome constitutes an important potential source of error in systematic studies. Because of the power of PCR technology, many laboratories carry out direct total-DNA PCR to isolate mtDNA fragments of interest in systematic studies using conserved universal primers. Inevitably, if conserved nuclear copies exist they will be coamplified, or may be amplified instead of the authentic mitochondrial sequence without being noticed by investigators (as seems to be the case in some birds, P. Arctander, personal communication). Consequently, ambiguous polymorphisms will be produced which may be ignored; even when unambiguous polymorphisms have been detected, they may well reflect variation between the nuclear copy and the authentic mtDNA or between different nuclear copies themselves. It is therefore necessary to check if the organism under study possesses conserved nuclear copies of mitochondrial sequence, before launching into large scale analysis of populations using mtDNA as a genetic marker. The same precaution is necessary for interspecific phylogenetic studies.
For this purpose, the following experimental procedures are recommended. PCR amplification may be carried out firstly using total DNA as template. If direct sequencing reveals any ambiguities, that are not due to sequencing or PCR artefacts (e.g. compression or contamination), PCR from purified mtDNA and nuclear DNA from a single individual should be performed to check whether heteroplasmy or nuclear copies of mitochondrial sequences is involved, as described earlier. Ambiguous site specific (i.e. target-specific) restriction enzymes can be used to quickly detect heterogeneity. In the case of S. gregaria, it was proved that extremely pure DNA is not necessary to resolve the problem (Fig. 3) . We also found that mtDNA prepared with the rapid Nonidet P40 method (Lansman et al. 1981 ; with some modifications) is pure enough that nuclear copies in S. gregaria are no longer detectable by PCR amplification, subsequent digestion and direct sequencing. Therefore, this method is particularly suitable for population studies using mtDNA marker when nuclear copies are likely to be a problem, since it is simple, fast and does not require ultracentrifugation. However, fresh or freshly frozen tissues are required for the best results.
Conclusions
In this study, we demonstrate the presence of highly conserved mitochondrial non-coding sequence (the control region) in the nuclear genome of S. gregaria, which can be coamplified by PCR with the authentic mitochondrial sequence and hinder the use of this marker in population analysis. PCR products amplified from the two different types of templates are indistinguishable in size. The nuclear counterpart of the mitochondrial control region does not seem to be single-copy sequence, and some copies show little nucleotide divergence in the region analysed. It has been noticed that in some dried locust samples the nuclear sequences are preferentially amplified, although in most cases the two different types are coamplified. Observations reported here have important implications for population biological studies employing mtDNA as a molecular marker, as conserved mitochondrial sequence present in the nuclear genome constitutes a potential source of error. It is therefore advisable to check if nuclear copy of mitochondrial sequence exists in the organism of interest before carrying out large scale analysis.
